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N@ Optical information writing method.

<

m@ An information writing method of an optical recording device selectively irradiates light on an optical

L) recording medium, having a thin organic film containing donor and acceptor molecules, and a pair of electrodes

5(2, 8) for applying a voltage to the thin organic film, in order to cause charge transfer between the donor and

00 acceptor molecules, and records a change in optical or electric characteristics of the thin organic film by the

gcharge transfer as information. Selective light irl'acliafion is'p?riozmed_ while a voltage is applied to the electrodes
(2, 8). i %
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Optical information writing method

The present invention relates to an optical recording device using an organic thin film and, more
particularly, to an optical recording device which utilizes a charge transfer phenomena between donor
molecules (electron donative molecules) and acceptor molecules (electron acceptive molecules) and an
information writing method thereof. .

Recently, computer technology has been developed to a remarkable extent, with widespread application
thereof. Along with this trend, it becomes increasingly important fo efficiently accumulate a large amount of
information in a small storage space, and to process it at a high speed. To meet this demand, various types
of information recording devices have been developed recently. Above all, information recording devices
using an optical disk are aftracting a great deal of attention because of their high performance, high bit
density and low cost, and are being developed widely. For example, studies on various types of optical
recording media using inorganic chalcogenides or organic coloring materials are increasing these days.

Meanwhile, apart from the recording system of this type, intensive studies are now being made on a
data storage system with the bit density of 10* bit/cm? or higher such as a photochemical hole-burning
recording system, wherein multiple recording is performed by making use of the discrepancy of fine
structure of excited vibronic states of an organic molecuie for the purpose of higher density data storage. .

The conventional recording system, however, has various drawbacks. First, most of the conventional
optical recording systems use "heat-mode™ recording media, whether organic or inorganic. For example,
recording is performed by utilizing the fact that a recording medium melts or evaporates due to thermal
energy caused by absorbed photons. Information is read by detecting a difference in optical reflection or
absorption intensity at a recording site. With this system, an optical energy density must be very high to
accomplish a recording. When a signal having a predetermined detection level is to be obtained by using
an inorganic chalcogenide series recording medium, e.g., Te and its analogues, the energy density of a
recording light must be at least 3 to 100 mJ/cm> As a result, a sufficiently high recording speed cannot be
obtained at a finate power of light source such as semiconductor laser diode.

Another recording system, different from the heat mode system, is based on photon-mode recording
such as a photochromic phenomenon utilizing a change cause by absorbed photons in the molecular
structure of an organic molecule. In this system, since a molecular structure and conformation are
significantly changed, the characteristics of the recording site such as isomerization and bond cleavage are
unstable and tend to change over time. Still another new opfical data storage system utilizes photochemical
hole-burning. Since this system utilizes tautomerism of proton transfer in an organic molecule, such as
porphyrin and phthalocyanine (in rigid matrices), both the conversion efficiency and speed are low and
small, and its noise level cannot be decreased unless at low temperature less than 100°K. For these
reasons, a high-density recording system of 10° bits‘cm? or higher is difficult to provide, despite great
potential demand for it.

A critical defect of the conventional optical recording device is that, once information is written, it cannot
be erased to allow new information to be rewritten. Optical magnetic disks as erasable recording media
have been developed in order to eliminate this defect. Since this system reads a magnetizing direction due
to a magnetic Kerr effect as a recorded signal, however, a high S/N ratio inevitably cannot be obtained, an
expensive optical system to detect the signals with high resolution is required for reading, and an expensive
rare earth elements must be used in order to obtain the efficient Kerr rotation. For these reasons, this
system is limited only to a special application and thus lacks versatility.

Recent developments in understanding the structure, properties and synthesis of organic materials may
realize a new functional element that uses such a well-characterized organic material. In particular, since a
technique has advanced for ordering organic molecules in condensed phases and stacking their layers with
the thickness of 10 A or lower, which is represented by the Langmuir-Blodgeit process (to be referred to as
the LB process hereinafter), a monolayer of organic material can be easily formed and built-up as a
controlled layer structure. This may allow development of a new functional element by making use of the
optical and electrical properties of organic molecules in controlled state. In fact, Roberts et al., at Durhram
University in the U.K,, report a semiconductor device, such as a MIS type FET and a MIS type light-emitting
element, which uses an organic thin film of the thickness below 100 A, formed by the LB process, as an
insulating film on semiconductors. Although an organic thin film obtained by the LB process is expected to
serve as an optical recording medium because of its good optical response characteristics of organic
molecules and the characterized film structures, it has not yet been put into practical use.
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As described above, various types of optical recording devices and optical recording systems that are
conventionally proposed do not sufficiently utilize the characteristic features. of super high recording density
as optical recording in improving their writing speed, contrast, stable storage performance of recording
conditions, and so on.

It is an object of the present invention to provide an information writing method which enables high
speed recording, has a high recording sensitivity, and good storage performance of recording conditions.

It is another object of the present invention to provide an optical recording device which has a high
recording sensitivity and signal contrast, and good storage performance of recording conditions, and
enables high-density recording.

It is still another object of the present invention to provide an optical recording device with higher S/N
ratio, which does not require an expensive optical system for detecting recording signals, and enables both
writing and erasing.

An optical recording medium used in the present invention is made of a thin organic film containing
organic molecules, i.e., donor molecules which have a high ionization potential, and organic molecules, i.e.,
acceptor molecules, which have a large electron affinity. The principle of the information recording of the
present invention utilizes a change in optical or electrical properties of a film at a recording site due to a
charge transfer phenomenon between the donor and acceptor molecules within the thin organic film caused
by absorbed photon.

According to the first embodiment of the present invention, there is provided an information-writing
method of an optical recording device, whersin light selectively irradiates a surface of a recording medium
consisted of a layered structure of donor and acceptor molecules while a voltage is applied through
electrodes formed on iwo surfaces of the film, monolayered donor molecules are thus selectively and
effectively excited to cause electron transfer to the adjacent monolayer of acceptor molecules, and a
change in optical and/or electrical characteristics due to the charge transfer between both the molecules in
the layered structure of the film caused thereby is recorded as information. In this case, since the voltage is
applied to the thin organic film, electron-hole pairs formed by excitation of the excited donor molecules
generated by the recording (excitation) light source are dissociated, and the electrons can thus effectively
migrate to acceptor moiecules which are located with controiled distance in the films.

With this method, charge transfer between monolayered donor and acceptor molecules contained in a
thin organic film constituting a recording medium can be performed quite effectively and rapidly by
irradiating light while applying the voltage. As a result, high speed writing is enabled and high recording
sensitivity can be obtained. When the material and structure of the thin organic film constituting the
recording medium are adequately selected, the recording state, i.e., the charge transfer state can be stably
held. Information is recorded as a change in optical or electrical characteristics of the organic thin film. For
example, when a change in absorbance and/or reflectance is optfically read out as information, reading with
a high S/N ratio can be performed.

The reason why effective information writing is performed in the first embodiment of the present
invention, when selective optical excitation is performed while applying a voltage to the recording medium,
will be described.

Encountered donor and acceptor molecules usually form a charge transfer complex and the energy of
the complex formation is expressed as AE = Ip(D.) - Ea(Aq), wherein Ip(D.) and Ea(Ac) stand for ionization
potential Ip of donor and electron affinity of acceptor. When the formation energy is balanced with Coulomb
interaction force AC = ae <e>¥ ¥ , CT complex is in an ionic state wherein their charges are dissociated.
Note that « indicates a constant corresponding to the Madelung constant; T , an average distance between
both the molecules; and <e>? the effective charges of both charged molecules. As a result, when no
external energy is supplied, the charge transfer rate is mostly determined by the distance between both the
molecules. In this case, the stabilizing energy or absorption band shifted to longer wavelength due to the
charge transfer formation is expressed as:

hver = [Ip(Do) - Eaag)lp = -(ae <e>% T )p?

where p is the constant representing the charge tranisfer ratio.

When an external voltage (¢) is applied to the stack layered structure of the donor and acceptor
molecule in the films, the energy required for charge transfer can be decreased by e¢. When donor
molecules are selectively, optically excited by photon energy and a voltage is applied synchronously or with
an adequate delay time, the energy required for writing can be further decreased, thereby causing efficient
charge transfer.
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According to a second embodiment of the present invention, there is provided an optical recording
device which comprises a recording medium made of a thin organic film containing donor and acceptor
molecules and records a change in optical characteristics caused by charge transfer between the donor and
acceptor molecules, characterized in that the thin organic film contains a plurality of at least either the donor
or acceptor molecules, and information writing and erasing are performed by light irradiation.

in the optical recording device of this type, the recording medium can have a stack-layered structure
wherein, between a first thin film (monolayer of donor molecule) containing donor molecules and a second
thin film (monolayer of acceptor molecule) containing acceptor molecules, a third thin film containing
acceptor molecules of a type different from that of the acceptor molecules contained in the second thin film
is present. Alternatively, a built-up subsiructure of each monolayers wherein, between a first thin film
containing donor molecules and a second thin film containing acceptor molecules, a third thin film
containing donor molecules of a type different from that of the donor molecules contained in the first thin
film is present, is repeated fo constitute a stack layer structure, thus providing a recording medium.

information writing is performed by irradiating light having a predetermined wavelength onto such a
recording medium and changing the donor and acceptor molecules to an ionic state. Information erasing is
performed by irradiating long-wavelength light or white light having a high intensity and returning the donor
and acceptor molecules from the ionic to neutral state. An erasable recording device is thus provided.

In such a recording medium, as a result of charge transfer by light irradiation, the absorption spectrum
of the molecules is shifted to the long wavelength region. Then, molecules that absorbed light in an
uliraviolet range in the neutral state now absorb light in a visible range, and molecules that absorbed light in
the visible range now absorb light in an infrared range, thus changing the reflectance and refractive index of
the recording medium. More specifically, information is recorded as a change in transmittance and
reflectance of the recording medium. In this case, in the second embodiment of the present invention,
between a donor molecule film and an acceptor molecule for causing a charge transfer therebetween, a thin
film containing donor or acceptor molecules of a type different from that in the donor molecule film or the
acceptor molecule film is provided, in order to improve the writing efficiency and to hold the ionic state, i.e.,
the writing condition, more stably. Since another insulating molecule film is provided between the donor and
acceptor molecule films, the recording condition can be held more stably. Molecuies which have changed
from a neutral state to an ionic state can be returned to the neutral state by irradiating long-wavelength light
or white light having a high intensity. This corresponds to the information erasing operation.

According to the second embodiment of the present invention described above, information writing and
erasing do not involve a large conformational change and a bond cleavege in a molecule. This is different
from the conventional heat mode recording of or light recording of the photon mode which utilizes a change
in extinction modulus or reflectance caused by the structural change of a molecule. High-quality information
writing and erasing are thus enabled. Since a change in extinction modulus, reflectance, reflective index or
the like due to the charge fransfer is large, an expensive opfical system is not required for light recording,
an inexpensive organic material can be used as a material of the recording medium, and an inexpensive
recording device can be provided. Also, when a change in extinction modulus, reflectance, refractive index
or the like of the recording medium is optically read as information, reading with a high S/N ratio can be
performed.

In the second embodiment of the present invention, an external electric field can be effectively used, as
in the first embodiment. More specifically, when an external electric field is applied in a direction to
enhance charge fransfer, writing and erasing efficiency can be improved. When an external electric field is
applied in a direction to interfere with charge transfer, information damage caused by repeated reading can
be prevented. Furthermore, when electrodes for applying the external electric field are provided, an
insulating molecule film is preferably also provided between the elecirode and the thin organic film. This
prevents charge transfer from the electrode to the thin organic film and improves the charge transfer
efficiency between organic molecules and the holding performance of the recording condition.

According to a third embodiment of the present invention, there is provided an optical recording device
which comprises a thin organic film, containing donor and acceptor molecules, as a recording medium, and
records a change in optical characteristics caused by charge transfer between the donor and acceptor
molecules as information, wherein the optical recording device contains a plurality of types of at least either
the donor or acceptor molecules, and two or more types of beams having different wavelengths are
irradiated io cause charge transfer between the donor and acceptor molecules in different wavelength
ranges, thereby recording information in a multiplex manner.
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In accordance with the principle of the information multiplex recording of the third embodiment, charge
transfer is caused between donor and acceptor molecules of a specific combination by excitation by light
having a specific wavelength, and between donor and acceptor molecules of another combination by
excitation by light having another wavelength. In the third embodiment, as a light source suitable for
information recording, various types of gas lasers ranging from ultraviolet to range, a dye laser which is
pumped by various methods, a semiconductor laser, and monochromatic light obtained by decomposing
light from a white light source such as an Xe lamp, can be used. In fine, a light source can be arbitrarily
selected as far as it corresponds to the wavelength, where the neutral state of the molecules constituting
the recording medium layer have absorption bands.

In the recording medium according to the third embodiment of the present invention, as a result of
charge transfer by light irradiation onto the recording medium, the absorption spectrum of the molecules is
shifted to the long-wavelength range, molecules that exhibit absorption in the ultraviolet range in the neutral
state now exhibit absorption extending to the visible range, and molecules that exhibit absorption in the
visible range in the neutral state now exhibit absorption extending to the infrared range. The reflectivity and
refractive index of the recording medium are also changed. Namely, information is recorded as a change in
light transmittance or refiectivity. In this case, according to the present invention, a plurality of combinations
of donor and acceptor molecule fiims for charge transfer are provided. The respective combinations are
excited by irradiating light having corresponding wavelengths, thus performing information recording in a
multiplex manner.

Therefore, according to the third embodiment of the present invention, information can be recorded in a
three-dimensional manner by, e.g., recording specific information in a specific layer with light having
wavelength M and another specific information in another specific layer with light having wavelength \2. As
a result, high-density recording is enabled more effectively, compared to various types of conventional
optical recording devices that perform information recording in a two-dimensional manner. Other advantages
of the third embodiment are the same as those of the second embodiment described above.

It is preferable that the thin organic film of the present invention is formed by the LB process. In
particular, the thin organic film preferably has a super lattice structure having a plurality of stacked layers
each consisting of donor and acceptor molecule films. The thickness of the donor or acceptor molecule film
is preferably 5 to 500 A, and more preferabiy 5 to 100 A. In order to hoid the recording state, i.e., the state
wherein donor and acceptor molecules are ionized by charge~transfer, more stably, a thin organic film
(insulating molecule film) containing electrically inactive insulating molecules is preferably provided between
the donor and acceptor molecule films. The insulating molecule here means an organic molecule having a
small electron density of, e.g., non-localized =-electron or un-paired n-electron.

The following donor molecules can be used as the donor molecules used in the present invention.

(1) Fulvalene type donors having the undermentioned structural formulas:

(>3
i G
<D
<0
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(2) S-containing heterocyclic donors having the undermentioned structural formulas:

S—S
tetrathiotetracene
(TTT)
—S
Se—=Se
tetraselenatetracene
O (TST)
Se—Se
S—S
@@ tetrathionaphthalene
S§——S8
Te—Te
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S5——S5

©‘© tetrathioperillene

S S

S. S tetraphenyl-bithio ralydene
P y (BTB) py y

bizenzothiophene
(BBT)

<D

Note: ¢ given in the above formulas represents a

phenyl radical.

(3) Amine type donors having the undermentioned structural formulas:
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CH3 CH3
: N/
NHo N

j aniline f
H2N<<::>-NH2

CH3\\ //CH3
N%: :fN
CH3// \\CH3

NHo
010

CH3 s
CH3//N <::> ‘::} N\\C

CH
cH CH
3\\N-<::>»N N// ’
|
CH3// CH3 CH3

N-methyl aniline

p-phenylenediamine

TMPD

diaminonaphthalene

benzidine

tetramethyl benzidine

diaminopyrene
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(4) Metal compound type donors having the undermentioned structural formuias:

ferrocene

phtha

M(dbtaa)

porphyrin

M(TAAB)
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QH9
e
N~ N
i ]
O---H---0

M(bgd) 2

M(dpqg) s

Rh(bpy)%+

(5) Cyanine coloring matter donors having the undermentioned structural formulas:

)
rR—&N ;—&18—1{

10



10

15

25

30

50

56

[—-——S
AN ,J—CH=CH—CH
Iﬁ@

r
Me—T@ S §—Me
Me Me

0 238 759

:’C—!

e

!

(6) N-containing heterocyclic donors having the undermentioned structural formulas:

n 22—

sue
shie

11

phenothiazine

phenazine
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@ quinoline
N

m acridine
Ee-®N -cu=cu N®-E, DEPE2+

(7) Polymer type donors having the undermentioned siructural formulas:

polyacetylene

pol§pzrgol§ S
- 14 14

polypyridine

- ——— poly-p-phenylene

-_-@s }———— pol-p-phenylenesulfide
n .

The present invention allows for the application of the derivatives of the donor type molecules indicated
in items (f) to (7), which have a hydrophobic group with a structural formula

CHI(CHZ)q, CH3ITCHZI{CH2=CHIIGtCH3T}

(where n and p+q+1! respectively represent larger numbers than 8), or a hydrophilic group with a
structural formula of -COOH, -OH, SO,H, -COOR', -NH,, -Ne(R')..Y~ (Y denotes halogen ions), or have both
said hydrophobic and hydrophilic groups.
Among the aforementioned donor molecules, amine type donors are preferred, but fuivalene type
donors and S-containing heterocyclic compound are more preferred.
The above-mentioned acceptor molecules include the following:

12
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Ne ><===>=/CN
NC NN
Me

HC CN
NC CN

Me

NC CN

FE F F
NC CN
NC N

F F F F
NC NC
N TN\NC
NG~
N%CN
N CN
Nzl

13

(1) Cyano compound type acceptors having the undermentioned structural formulas:

TCNQ

Me > TCNQ

TCNDQ

TNAP

TCNE

HCB



10

15

20

25

30

55

0 238 759

E. F OoH NO
NC CN 2 2
ex OPe
F F 03N NOo

NC CN
NC CN
NC CN
NC CN
DTF
NC-@-CN dicyanobenzene
(DCNB)

(2) Quinone type acceptors having the undermentioned structural formuias:

O
CN
QQ:CN dicyanonaphthoquinone

CL C2

O=Q=O DDQ
c N
CcL C2

0 o chloranil |
CN CN

0= =0 benzoquinone

14
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Me
O=®=O 2,5-dimethylbenzoquinone
Me”
Q ,
(:]:;] naphthoquinone
c2
OQO 2,6~dichlorobenzoquinone
CL

0
CL
Q::KCJL 2,3-dichloronaphthoquinone
0

(3) Nitro-compound type acceptors having the undermentioned formulas:

NC ~NOo p-nitrocyanobenzene
NO2
1,3-dinitrobenzene
NO9
NOo
OzNAJin:';@— NOo TNF
0
NO9

1,3,5-trinitrobenzene
02N NO3
OZH-@-NOZ p-nitrobenzen

The present invention allows for the application of the derivatives of the acceptor type molecules having
the essential structural formula indicated in items (1) to (3), which have hydrophobic radicals represented by

15
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CH3(CHZ R, CH3(CHZ)p(CH2=CHZ q({CHIIY

(where n and a tfotal of p+q+ 1 respectively denote a larger number than 8), or hydrophilic radicals
represented by -COOH, -OH, -SO;H, -COOR, -NH,, -Ne(R")3Y- (Y denotes halogen ions), or have both such
hydrophobic and hydrophiiic radicals.

Among the above-listed acceptor molecules, quinone type donors are preferred and cyano compound
type donors are more preferred.

The above-mentioned insulating or inactive organic molecules include the undermentioned types.

(1) Substitutable saturated or unsaturated hydrocarbon derivatives which are expressed by the

following general structural formula:

R-X

where R represents a hydrophobic group formed of substitutable
CH3{CHZIT~ or CH3(CHZ){CH=CH3TG{CHZ T

(where n and a fotal of p+q+ 1 respectively represent a larger number than 8), and X represents
hydrophilic radicals, including, for example, -COOH, -OH, -SO:H, -COOR’, -HN,, -N@(R"),Y- (Y represents
halogen ions).

(2} Various polymerizable molecules

The subject polymerizable molecules may be represented, for example, by:

polymers of vinyl compound such as substitutable acrylate, methacrylate, vinyl ether, styrene, vinyl
alcohol, acrylamide, acryl;

a-amino acids such as alanine, glutamate, aspartate;
amino acids, for example, e-aminocaprolate other than a-amino acid; and
polyamide polymers composed of a I} mixture of diamines, such as hexamethylene‘ diamine, and
carbonic acid, such as hexamethylene diamine.

If possessed of a property of being fabricated into a film by themselves, the above-mentioned
molecules (2) can be applied intact. The molecules which can not be fabricated into a film by themselves
are applied when mixed with the insulating molecules (listed in item (1)) which can be independently formed
into a film.

This invention can be more fully understood from the following detailed description when taken in
conjunction with the accompanying drawings, in which:

Figs. | and 2 are views for explaining a basic principle of the present invention;

Fig. 3 is a view for explaining a principle of information writing of the present invention;

Fig. 4 is a sectional view showing a recording medium according to a first embodiment of the present
invention;

Fig. 5 is a graph showing writing characteristics of the recording medium shown in Fig. 4;

Fig. 6 is a sectional view showing a recording medium according to a second embodiment of the
present invention;

Fig. 7 is an energy state diagram of the recording medium shown in Fig. 6;

Fig. 8 is a graph showing dependency of a change, upon writing in extinction modulus of the
recording medium shown in Fig. 6, on an application of voliage;

Fig. 9 is a graph showing dependency of a change, upon reading in extinction modulus of the
recording medium shown in Fig. 6, on an application of voltage;

Figs. 10 to 12 are energy state diagrams of various modifications of the second embodiment of the
present invention; )

Fig. I3 is a sectional view showing a recording medium according to a third embodiment of the
present invention;

Figs. [4A and 14B are graphs showing light absorption characteristics of the recording medium shown
in Fig. I3 before and after writing;

Fig. I5 is a view showing a writing system according to the third embodiment of the present invention;

Fig. 16 is a view schematically showing a writing state of the recording medium shown in Fig. I3; and

16
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Fig. I7 is a view showing a recording system according to the third embodiment of the present
invention.

The principle of charge transfer in the super thin film hetero structure of the organic molecules used in
the present invention, i.e., a charge transfer phenomenon from donor to the adjacent acceptor molecule in
the films, will first be described with reference to Figs. | and 2.

Fig. | is an energy state diagram showing a state wherein insulating molecule film | having thickness a
is provided between donor molecule film D, having an ionization potential Ip, and acceptor molecule film A,
having electron affinity Ea. As shown in Fig. 2, when light having such an absorption wavelength that it can
be absorbed by the donor molecule film is irradiated in state D°A°, wherein the respective molecules are
neutral, the structure is shifted to state D £ A°, wherein donor molecules are selectively excited. in state
D % A°, part of the structure is returned to the ground state and its other part is shifted to state D+A-,
wherein charge transfer is caused. Note that D*IA- indicates a state wherein donor and acceptor molecules
have respectively been changed positive and negative ionic states, with insulating molecule film |
sandwiched therebetween. In order to allow the latter process, the energy in state D*IA- must be lower than
that in state D S A®, i.e.,

Ip = EA-AEsSe%a ()]

must be satisfied.

The transition speed from state D £ A° to D*IA~, conversion efficiency, and recording stability depend
on the electron affinity and thickness of insulating molecule film I. When a third organic molecule film
{donor molecule film or acceptor molecule film) is provided in piace of or in addition to film !, the conversion
efficiency becomes higher and more stable recording is possible.

When an external voltage is applied to the stack layer structure shown in Fig. |, the condition for
causing a process of transition from state D ¢ A° to D*IA~ is:

Ip-Ep-AE Se¥a + e¢ .. (2)

In other words, the process from state D 2 A° to D*IA- can be controlled by the direction and intensity
of the external electric field. Therefore, memory damage during efficient writing and recording can be
prevented by applying an external voitage.

This will be described in more detail with reference to the energy model shown in Fig. 3.

More specifically, when donor molecules D are selectively excited by light energy h», which is higher or
similar to the energy of the lowest excited singlet state S, the relaxation process of the excitation
undergoes a radiationless process or a fluorescence process (rate constant: Kr), to ground state Gp, or a
phosphorescence relaxation process (rate constant: Df), which returns to the ground state after intersystem
crossing via the triplet state Eh. Assume that an external electric field is applied during the relaxation
process. Then, transition of the electron-hole pairs formed by the excitation from state Eh (rate constant:
Ke) to state Cr occurs at constant rate 7(E), and electrons migrate to acceptor molecuies nearby and holes
migrate to donor molecules in the neutral state, as a result of the electric field (charge transfer state).

This charge transfer state can be caused only by light excitation without applying an external electric
field. In this case, however, after the electron-hole pairs are formed in state Eh, as described above,
relaxation (quantum yield ¢) thereof to the initial ground state (Gp and G,) occurs prior to other transitions,
and the recording state is instantaneously extinguished by the following reaction scheme:

D°+A°—=D& + A =[D3*AFF 3 Do+ As (3
In excitation and relaxation processes of the donor molecules, the value of quantum vyield is expressed as:
#(0) = Ki(Kr + Ke + Kr) ... (4)
when no bias is applied. in contrast to this, when a voltage is applied as in the first embodiment of the
present invention, electron-hole dissociation occurs at rate n(E), and the quantum yield for the relaxation to

the initial state is thus considerably decreased as expressed as follows:

#(E) = [¢(0) - n(E)V8(0) ... (5)
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It is also possible to cause a charge fransfer state only by applying an electric field without light
excitation. In this case, however, an energy required for forming electron-hole pairs, i.e., precursors of
charge transfer is about:

V=[p-E)-(e7Fle ..(6)

in voltage. Accordingly, in order to sufficiently increase the ratio of charge fransfer and to raise the
recording contrast, an organic thin film must have a very high threshold voltage of about 10” V/em, which
cannot be adopted from a practical point of view.

Various Examples of the present invention will be described.

Exampile |

Fig. 4 shows an arrangement of a recording medium according to a first embodiment of the present
invention. Referring to Fig. 4, 150-A thick NESA (a transparent conductive electrode) film 2 was formed on
glass substrate |, and 500-A thick SiO, film 3 was formed on film 2. A stack layer of donor molecule film 4,
insulating molecule film 5, and acceptor molecule film 6, was repeatedly formed on the resultant structure
by the LB process to provide a super lattice structure, and A electrode 8 was formed thereon.

An LB film was formed in the following manner. 2,2'8,6-isopropylamine-substituted
tetraphenylbipyrane-4-ylydine was dissolved as donor molecules in chloroform to prepare an LB film
spreading solution. It was seen from a surface pressure area per one molecule curve that a solid condensed
phase of the molecule was formed at I5 dyne/cm. A commercially available vertical dipping type LB film
forming system was used, and the water subphase was set to pH = 6.0 at a temperature of 23°C and had
a cadmium concentration of 0.0l mM before spreading the molecule. A NESA film/SiO. film was formed on
a glass substrate, and the resultant substrate was placed in the water phase. The film-forming molecules
were developed and the film was deposited onto the substrate at a rate of 70 um/sec to build-up donor
molecule film 4. Subsequently, following the same procedures, insulating molecule film 5 of arachic acid
was formed at a surface pressure of 25 dyne/cm, and a mixture film consisting of tetracyanoquinodimethane
and stearic acid at 2 mixing molar ratio of | : | was formed as acceptor molecule film 8 thereon. These
operations were sequentially repeated a plurality of times to stack four donor molecule films 4, seven
insulating molecule films 5, and four acceptor molecule films 6. Polyphenyl alanine (molecular weight:
120,000) dissolved in chloroform was buitt up to form three layers on the resultant LB stack layer at a
surface pressure of 23 dyne/cm, and insulating molecule film 7 was formed thereon. The resultant structure
was set in a conventional vacuum evaporation system to deposit AL electrode 8 having a thickness of about
150 A in a vacuum of 3 * 10~ Torr.

While a bias voltage was applied to the thus-formed recording medium setting At elecirode 8 as the
positive side, an He - Ne laser (\ = 633 nm, | mW/mm?) was irradiated in a spot-like manner at different
positions with a cycle of 10 nsec. Absorption at a wavelength of 840 nm was observed at a laser radiation
portion, i.e., recording portion.

Fig. 5 shows a resuit obtained by measuring the absorbance change AAcr for a wavelength of 850 nm
at a recording portion by changing a bias voltage o be applied. As is apparent from Fig. 5, when the bias
voltage is increased, the absorption strength is considerably increased. As a resutt, it is seen that when light
excitation is performed while applying a bias voltage, a high-speed, highly efficient information recording
can be performed.

It was also confirmed that the stability of the information recorded in this manner as a difference in light
absorption characteristics were stable, and that information recorded in this manner could be optically read
out with a good S/N ratio.

Example 2

Fig. 6 shows an arrangement of a recording medium according to a second embodiment of the present
invention. Referring to Fig. 6, 150-A thick nesa film 12 was formed on glass substrate Il. A stack layer of
donor molecule film (first organic thin film) I3, insulating molecule film 14, acceptor molecule film (third
organic thin film) I5, and acceptor molecule film (second organic thin film) 16, containing acceptor molecules
having a larger electron affinity than that of film I5, was repeatedly formed on the resultant siructure by the
LB process to provide a super lattice siructure, and Au electrode 17 was formed thereon.
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An LB film was formed in the following manner. 2,2,8,6-isopropylamine-substituted
tetraphenylbipyrane-4-ylydine was dissolved as donor molecules in chloroform to prepare an LB film
spreading solution. It was seen from a surface pressure area per one molecule curve that the film-forming
molecules constituted a solid, dense film at I5 dyne/cm. A commercially available vertical dipping type LB
film forming system was used, and the water subphase was set to pH = 6.0 at a temperature of 23°C and
had a cadmium ion concentration of 0.0l mM. A NESA (indium and tin oxide) film was formed on a glass
substrate, and the resultant substrate was placed.in the trough. The film-forming molecules were spreaded
over the subphase and the film was build up at a dipping and pulling rate of 70 um/sec to form donor
molecule film [3. Subsequently, following the same procedures, insulating molecule film 14 of arachic acid
was formed at a surface pressure of 256 dyne/cm, and a film consisting of the mixture of
tetracyanoquinodimethane and stearic acid at a molar ratio of | : | was formed as acceptor molecule film 15.
Acceptor molecule film 16, comprising a mixture film consisting of tetracyanosthylene and stearic acid that
are acceptor molecules having a larger electron affinity than that of film 15, was formed thereon by the same
procedures as described above. These operations were sequentially repeated a plurality of times to build
up ten donor molecule films I3, insulating molecule films 14, and acceptor molecule films 15 and 16,
respectively. The resultant structure was set in a vacuum deposition system to deposit Au electrode 17 in a
vacuum of 3 * 10~° Torr.

Fig. 7 is an energy state diagram of a unit stack layer structure of a recording medium having the
arrangement as described above. When light having a predetermined wavelength is irradiated to excite
donor molecule film D, electrons formed therein migrate from insulating molecule film | to acceptor
molecule film A, through acceptor molecule film A, and are set in an ionic state. This corresponds to a
writing state. Since films | and A, are provided between film D and A,, the recording condition can be stably
held and efficient writing can be performed.

Experimental data will be described in more detail. While a voltage was applied at a period of 500 nsec
setting Au electrode 17 as the positive side, an He - Ne laser (wavelength X = 633 nm, | mW/mm? was
irradiated at different positions in a spot-like manner at a period of 10 nsec.

Fig. 8 shows a result obtained by measuring absorption strength AAcr for a wavelength 850 nm at a
recording portion by changing a bias voltage to be applied. The absorption strength was measured at light
output of 10 LW/mm? As is apparent from Fig. 8, when the bias voltage is increased, the absorption
strength is considerably increased. As a result, it is seen that, when light excitation is performed while
applying a bias voltage, efficient information recording can be performed.

The holding characteristics of information recorded as a difference in the light absorption characteristics
in this manner were stable, and were not changed even when the recording medium was left to stand in air
for a month.

In order to confirm the stability of the recording condition, a pulse laser beam (\» = 850 nm) of 10
LW/mm2 and | sec was irradiated 10* times at intervals of | nsec in a non-bias state. The absorption strength
for a wavelength of 850 nm was decreased to 0.005. In contrast to this, when a reverse bias voltage was
applied and the same experiment was performed, it was found that the recording condition was heid in a
good state. Fig. 9 shows the resuit of this experiment. It is seen from Fig. 9 that when reading is performed
while applying a voltage exceeding 3 V, substantially no destruction occurs in the storage contents by a
reading operation.

While a reverse bias voltage of 3 V was applied to the recording medium in which information had been
written, light of a Xenon lamp of | mW/mm? was irradiated for | minute. The absorption strength for a
wavelength of 850 nm was decreased to 0.00! or less. In this manner, information can be erased by light
irradiation. -

As described above, according to this embodiment, a reversible information recording device capable of
recording and erasing information by light irradiation can be obtained. In this recording device, a change in
the light absorption rate which occurs as a result of the charge transfer phenomenon is significant.
Therefore, this recording device does not require an expensive optical system. Moreover, the recording
medium of the recording device contains inexpensive organic molecules, the device has a good S/N ratio
and excellent versatility. Between donor and acceptor molecules in the layered structure of films, which
perform charge transfer, an acceptor molecule film using different acceptor molecules is provided, together
with an insulating molecule film. Therefore, a recording device having a good writing efficiency and stable
holding characteristics for recording conditions can be obtained. In particular, when an appropriate bias
voltage is applied upon writing, erasing, and reading, more efficient writing/erasing characteristics and more
stable holding characteristics for recording conditions can be obtained.

19



& ]

70

16

20

25

30

35

40

45

50

&5

0238 759

The present invention is not limited to the above embodiments but can be modified and embodied in
various manners. Figs. 10 to 12 show arrangements of unit organic thin film stack layer structures according
to other embodiments in correspondence with the energy state diagram of Fig. 7 of the embodiment
described above. .

Fig. 10 shows a case wherein two types of donor molecule films and one type of acceptor molecule film
are used. More specifically, between donor molecule film D, and acceptor molecule film A, donor molecule
film D,, which has ionization potential |, higher than ionization potential I, of film D,, is provided together
with insulating molecule film I. With this stack layer structure, efficient writing and erasing characteristics,
and stable characteristics for holding recording conditions can be obtained in accordance with the same
principle as the embodiment described above.

Fig. Il shows a case wherein the insulating molecule film shown in Fig. 10 is omitted and two types of
donor molecule films D, and D, and acceptor molecule film A are used. In this case, when writing light
having a selected wavelength is used to excite central film D,, the electrons and holes migrate to film A and
D.. respectively, as shown in Fig. ll, thereby providing an ionic state, i.e., a writing state. In this
embodiment, an insulating molecule film is not used. However, when the thickness and ionization potential
of central film D, are appropriately selected, stable holding characteristics for recarding conditions can be
obtained.

Fig. 12 shows a case of the same structure as Fig. Il, wherein information can be written by optically
exciting acceptor molecule film A.

In addition to the embodiments shown in Figs. 10 to 12, it is possible to combine two types or more or
three types or more of each of donor and acceptor molecule films, thus providing a stack layer structure. It
is also possible to use an organic molecule which contains both donor and acceptor groups, or to use a thin
film containing both donor and acceptor molecules.

Example 3

Fig. I3 schematically shows an arrangement of an information recording medium according to a third
“embodiment of the present invention. Reference numeral 23 denotes a substrate, e.g., a glass substrate
having a nesa film formed thereon. A super lattice film is formed on substrate 23 by the LB process, and
electrode 24 is formed thereon. More specifically, the super lattice film is formed by stacking first, second,...
and nth recording layers 2l,, 2l,,... and 2i, through insulating molecule films 22. First layer 2l, is formed by
stacking donor molecule film 31, containing first donor molecules D,, and acceptor molecule film 33,
containing first acceptor molecules A,, through insulating film 32,. Second layer 2, is formed by stacking
donor molecule film 3l,, containing second donor molecules D,, and acceptor molecule film 33, containing
second acceptor molecules A., through insulating film 32,. In this manner, a plurality of recording layers,
having different light absorption characteristics by different combinations of donor and acceptor molecule
films, are stacked.

Information is recorded in the recording medium having the above arrangement in the following manner.
Figs. 4A and 4B show light absorption characteristics of this recording medium. Fig. 14A shows the
characteristics of the recording medium in which no information has been recorded. The absorption peak of
wavelength Al corresponds to the donor molecule film first layer 21, that of wavelength \2 corresponds to
the donor molecule film of second layer 2l,.... and that of wavelength \n corresponds to the donor molecule
film of nth layer 2l,. Assume that information is written in the recording medium having such absorption
characteristics by using light having wavelength M. In this case, charge transfer occurs between donor and
acceptor molecule films 3l and 33, of first layer 21, where light irradiates, and the ionization state at this
portion is held. Upon occurrence of the ionization state, new charge transfer/absorption occurs. More
specifically, the absorption peak at wavelength Al in Fig. 14A shifts to the absorption peak at wavelength Al,
in Fig. [4B. In this manner, information is written in a two-dimensional manner in first layer 21, as a change
in light absorption characteristics by using light having a wavelength Al. Similarly, information is written in
second layer 2, as a change in light absorption characteristics by using light having wavelength A\2.

In the above information writing operation, a predetermined external electric field may be applied to the
recording medium. This is effective since it promotes dissociation of electron-hole pairs formed by light
excitation. The insulating molecule film in each recording layer serves to increase the writing efficiency and
to hold the recording conditions.
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Fig. 15 shows an ‘example of a practical information writing system. Reference numeral 35 denotes an
incandescent light source; 36, a scan control system of light source 35; 37, a mirror; 38, a filter; and 39, a
focusing lens. A wavelength is selected by filter 38 and information writing is performed in a predetermined
recording layer of the recording medium in the above manner by using light having a predetermined
wavelength. In this manner, information can be written in a recording medium in a three-dimensional
manner and in a multiplex manner by using a plurality of wavelengths.

Fig. 18 schematically shows a case wherein information is read from a recording medium in which
information is written. Reference symbols al, a2,... respectively denote information recording units of first
recording layer 2I,; bl, b2,... respectively denote information recording units of second recording layer 2l,;
and cl, c2,... respectively denote information recording units of third recording layer 2i;. As shown in Fig. 16,
when information is to be recorded in different recording layers, no space need be reserved between the
information recording units. Thus, information recording of a higher density can be performed, compared to
those of the conventional heat mode method.

Information is optically read using wavelengths NI, A\2...., and A\’ in Fig. 14B as reading wavelengths.
More specifically, when the light source for light having wavelength \' is scan-controlled and a light
absorption strength distribution by the recording medium is measured, information in first layer 2!, can be
read out. Similarly, when light having wavelength A2’ is scanned, information in second layer 2I, can be read
out.

Fig. 17 schematically shows an arrangement of a system for reading out information in this manner. The
system of Fig. 17 is basically the same as that of Fig. I5. Reading wavelengths are sequentially selected by
filter 40 in the order of I, \2',..., and \n’ and absorption strength distributions in the recording medium with
the respective wavelengths are measured. Muitiplex information can be read out in this manner. In Fig. 7,
light transmitted through the recording medium is detected by photodetector 14. However, when the
substrate is designed as a reflecting substrate, light refiected by the substrate can be read out.

As described above, according to the present invention, a recording device, wherein information is
recorded in a considerably high density by using light having a plurality of wavelengths, can be obtained.
Furthermore, since the information recording principle of the present invention utilizes charge transfer
between molecules by the photon mode, when writing is performed using an external electric field as well,
high-sensitive, high-contrast information recording can be performed.

The present invention is not limited to the above embodiments. For example, in the arrangement of the
recording medium shown in Fig. 13, either the donor or acceptor molecule films of first, second,... recording
layers 2l,, 2l,,... can be the same. An appropriate acceptor or donor molecule film can be provided in place
of an insulating molecule film between the donor and acceptor molecule films of each recording layer. More
specifically, between a first organic thin film containing donor molecules and a second organic thin film
containing acceptor molecules, a third organic thin film containing acceptor molecules having a smaller
electron affinity than that of the second organic thin film, or a third organic thin film containing donor
molecules having a larger electron affinity than that of the first organic thin film, can be provided.
Furthermore, the combination of different donor and acceptor molecule films need not be stacked as
different layers, but can be an appropriate mixture film.

Claims

. An information writing method of an optical recording device, for selectively irradiating light on an
optical recording medium which comprises a thin organic film, containing donor molecules and accepior
molecules, and a pair of electrodes (2, 8) for applying a voltage to said thin organic film, causing charge
transfer between said donor molecules and said acceptor molecules, and recording a change in optical or
electrical characteristics of said thin organic film (4, 6) caused upon charge transfer as information, wherein
selective light irradiation is performed while a voltage is applied to said electrodes (2, 8).

2. A method according to claim |, characterized in that said thin organic film comprises a first thin film
containing donor molecules and a second thin film containing acceptor molecules.

3. A method according to claim |, characterized in that said thin organic film is constituted by
repeatedly stacking layers, each comprising a first thin film containing donor molecules and a second thin
film containing acceptor molecules, with an insulating molecule film sandwiched therebetween.

4. A method according to claim |, characterized in that said thin organic film comprises a thin film
containing donor and acceptor molecules.

5. A method according to ciaim I, characterized in that said thin organic film is formed in accordance
with a Langmuir-Blodgett process.
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6. A method according to claim |, characterized in that a wavelength of the light is shorter than that
corresponding o a minimum excitation singlet energy of said donor molecules.

7. A method according to claim I, characterized in that said thin organic film is formed on a light-
transmitting substrate through a fransparent elecirode.

8. A method according to claim |, characterized in that an insulating organic molecule layer or a silicon
dioxide layer exists between said thin organic film and said electrodes.

8. A method according to claim I, characterized in that said thin organic film contains donor and
acceptor molecules, at least one of said donor and acceptor molecules being of a plurality of types.

10. A method according to claim 9, characterized in that said thin organic film has a super lattice
struciure obtained by repeatedly stacking stack layer members, each comprising a first thin film containing
donor molecules, a second thin film containing acceptor molecules, and a third thin film therebetween that
contains acceptor molecules of a different type from that of said acceptor molecules of said second thin
film.

Il. A method according to claim 10, characterized in that combinations of donor and acceptor molecules
aré different from one stack layer member to ancther.

12. A method according to claim 10, characterized in that said acceptor molecules contained in said third
thin film have a smaller electron affinity than that of said acceptor molecules contained in said second thin
film.

13. A method according to claim 9, characterized in that said thin organic film has a super lattice
structure obtained by repeatedly stacking stack layer members, each comprising a first thin film containing
donor molecules, a second thin film containing acceptor molecules, and a third thin film therebetween that
contains donor molecules of a type different from that of said donor molecules of said first thin film.

14. A method according to claim I3, characterized in that combinations of donor and acceptor molecules
are different from one stack layer member to another.

15. A method according to claim 13, characterized in that said donor molecules contained in said third
thin film have a larger ionization potential than that of said donor molecules contained in said first thin film.

18. A method according to claim 10, characterized in that said thin organic film comprises a thin film
containing donor and acceptor molecules, at least one of said donor and acceptor molecules being of a
plurality of types.

I7. An optical recording device comprising a recording medium which consists essentially of a thin
organic film, containing donor molecules and acceptor molecules, for recording a change in optical
characteristics caused upon charge fransfer between said donor and acceptor molecules, as information,
wherein at least one of said donor and acceptor molecules are of a piurality of types, and information
writing and erasing is performed by light irradiation.

18. A device according fo claim 17, characterized in that said thin organic film comprises a first thin film
containing donor molecules and a second thin film containing acceptor molecules.

19. A device according to claim 17, characierized in that said thin organic film is constituted by
repeatedly stacking layers each comprising a first thin film containing donor molecules and a second thin
film containing acceptor molecuies, with an insulating molecule film sandwiched therebetween.

20. A device according to claim 17, characterized in that said thin organic film comprises a thin film
containing donor and acceptor molecuies.

2l. A device according to claim 17, characterized in that said thin organic film is formed in accordance
with a Langmuir-Blodgett process.

22. A device according to claim 17, characterized in that a wavelength of the light is shorter than that
corresponding to a minimum excitation singlet energy of said donor molecules.

23. A device according to claim 17, characterized in that wherein said thin organic film is formed on a
light-transmitting substrate through a transparent electrode.

24. A device according to claim 17, characterized in that an insulating organic molecule layer or a silicon
dioxide layer exists between said thin organic film and said electrodes.

25. A device according to claim 17, characterized in that said thin organic film has a super lattice
struciure obtained by repeatedly stacking stack layer members, each comprising a first thin film containing
donor molecules, a second thin film containing acceptor molecules, and a third thin film therebetween that
contains acceptor molecules of a different type from that of said acceptor molecules of said second thin
film.

26. A device according to claim 17, characterized in that combinations of donor and acceptor molecules
are different from one stack layer member to ancther.



10

15

20

25

30

50

56

0 238 759

27. A device according to claim 17, characterized in that said acceptor molecules contained in said third
thin film have a smaller electron affinity than that of said acceptor molecules contained in said second thin
film.

28. A device according to claim 17, characterized in that said thin organic film has a super lattice
structure obtained by repeatedly stacking stack layer members, each comprising a first thin film containing
donor molecules, a second thin film containing acceptor molecules, and a third thin film therebetween that
contains donor molecules of a type different from that of said donor molecules of said first thin film.

29. A device according to claim 17, characterized in that combinations of donor and acceptor molecules
are different from one stack layer member to another.

30. A device according to claim 17, characterized in that said donor molecules contained in said third
thin film have a larger ionization potential than that of said donor molecules contained in said first thin film.

3l. A device according to claim 17, characterized in that said thin organic film comprises a thin film
containing donor and acceptor molecules, at least one of said donor and acceptor molecules being of a
plurality of types.

32. An optical recording device comprising a thin organic film containing donor and acceptor molecules
as a recording medium, for recording a change in optical characteristics caused by charge transfer between _
said donor and acceptor molecules as information, wherein at least one of said donor and acceptor
molecules are of a plurality of types, and lights of not less than two types having different wavelengths are
irradiated to cause charge iransfer between donor and acceptor molecules in different corresponding
regions, thus recording information in a multiplex manner.

33. A device according to claim 32, characterized in that said thin organic film is obtained by stacking a
plurality of stack layer members each comprising a first thin film containing donor molecules, a second thin
film containing acceptor molecules, and an insulating molecule film, and combinations of donor and
acceptor molecules are different from one stack layer member to another.

34. A device according to claim 32, characterized in that said thin organic film has a super lattice
structure obtained by repeatedly stacking stack layer members, each comprising a first thin film containing
donor molecules, a second thin film containing acceptor molecules, and a third thin film therebetween that
contains acceptor molecules of a different type from said acceptor molecules of said second thin film, and
combinations of donor and acceptor molecules are different from one stack layer member to another.

35. A device according to-claim 32, characterized in that said acceptor molecules contained in said third
thin film have a smaller electron affinity than that of said acceptor molecules contained in said second thin
film.

38. A device according to claim 32, characterized in that said thin organic film has a super lattice
structure obtained by repeatedly stacking stack layer members each comprising a first thin film containing
donor molecules, a second thin film containing acceptor molecules, and a third thin film therebetween that
contains donor molecules of a type different from that of said donor molecules of said first thin film, and
combinations of donor and acceptor molecules are different from one stack layer member to another.

37. A device according to claim 32, characterized in that said donor moiecules contained in said third
thin film have a larger ionization potential than that of said donor molecules contained in said first thin film.

38. A device according to claim 32, characterized in that said thin organic film comprises a thin film
containing donor and acceptor molecules, at least one of said donor and acceptor molecules being of a
plurality of types.

39. A device according to claim 32, characterized in that said thin organic film is formed in accordance
with a Langmuir-Blodgett process.

40. A device according to claim 32, characterized in that a wavelength of the light is shorter than that
corresponding to a minimum excitation singlet energy of said donor molecules.

4l. A device according to claim 32, characterized in that said thin organic film is formed on a light-
transmitting substrate through a transparent electrode.

42. A device according to claim 32, characterized in that an insulating organic molecule layer or a
silicon dioxide layer exists between said thin organic film and said electrodes.
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